Crude extracts of the red-orange, bracket fungus Pycnoporus cinnabarinus, collected from five distinct Australian localities were subjected to a chemical and biological profiling study. Subsequent detailed investigation of two of these specimens resulted in the isolation of the new phenoxazone alkaloid, pycnoporin (8), together with cinnabarin (1), tramesanguin (2), and cinnabarinic acid (3). Ergosterol peroxide (11) was also identified from one of the specimens studied. Compounds 1-3 and 8 were elucidated by detailed spectroscopic analyzes, which included the application of elevated temperature-controlled NMR experiments. In addition to the isolation and characterization of 8, this study describes the first successful HPLC purification strategy and complete 2D NMR spectroscopic characterization of compounds 1-3. Also reported are the antioxidant and antiinflammatory activities of the crude extracts of one of the P. cinnabarinus specimens. Compounds 1-3, 8 and 11 displayed varying degrees of antitumor activity while ergosterol peroxide (11) also showed slight antimicrobial and antiviral activities. This is the first report documenting the significant antitumor activity of cinnabarin (1).
Pycnoporus cinnabarinus (Jacq.:Fr.) P. Karst. is a bright, red-orange, bracket fungus that is commonly found growing on dead wood [1] . It has been reported that Australian Aborigines used species of the fungus to treat sore mouths, oral thrush and sore lips [1] . The constituents responsible for the intense color of the fungus have been previously identified as the phenoxazone alkaloid pigments cinnabarin (1) (also known as polystictin), tramesanguin (2) and cinnabarinic acid (3) [2] [3] [4] , with the distribution of these pigments being dependent on the species and season [4] . Phenoxazone pigments have previously been reported from other variants of similar fungi, including Trametes cinnabarina var. sanguinea (L.) Pilat [4] , T. cinnabarina Jacq. [2] and Coriolus sanguineus (Polystictus cinnabarinus) [5] . To date, approaches adopted to determine the structures of 1-3 have included the use of infrared and Raman spectroscopy, ultraviolet spectroscopy, polarographic reductions, together with various syntheses and degradations [3, [6] [7] [8] . Given that the phenoxazone alkaloid pigments 1-3 are known to be notoriously insoluble in most organic and aqueous solvents, it is not surprising that a successful strategy for the isolation, separation and unequivocal NMR assignment of these compounds has so far eluded researchers [9, 10] . Investigations of related fungal species such as that collected from La Digue Island, Seychelles, have afforded new phenoxazone pigments [11] . In this case the total crude pigment mixture was methylated with methyl iodide (CH 3 I) in an effort to alter the solubility characteristics and subsequently chromatographed to yield o-acetyl cinnabarine (4), 2-amino-9-formylphenoxazone-1carbonic acid (5), 9-hydroxymethyl-2-methylaminophenoxazone-1-carbonic acid methyl ester (6) , phenoxazone (7) and the phenoxazone ether, pycnosanguin (12) [11] . Ergosterol (9), 5,6dihydroergosterol (10) and ergosterol peroxide (11) were also isolated from the same fungus [11] .
As part of the continuing research activities of the Marine and Terrestrial Natural Product (MATNAP) research group at RMIT University, which studies the chemistry and biological activities of terrestrial fungi, we examined the bright, red-orange, wood-rotting Cinnabarin (polystictin) (1) Tramesanguin
(2) Cinnabarinic acid
(3) o-acetyl cinnbarine (4) 2-amino-9-formylphenoxazone-1-carbonic acid (5) 9-hydroxymethyl-2-methylamino-phenoxazone-1- fungus, P. cinnabarinus, collected from five distinct geographical locations in Australia (see experimental for details). The investigation of this fungus was prompted by the fact that the crude extract (P. cinnabarinus collected from Mentone, Victoria, Australia) displayed moderate antioxidant, antiinflammatory, antitumor, antiviral and antifungal activities. Analytical HPLC was employed to quantitatively and qualitatively assess the variability and the relative proportions of the phenoxazone alkaloid pigments present in the five specimens.
The majority of the current investigation of P. cinnabarinus was carried out on two collections of the fungus, the Mentone and Heidelberg samples. As a result of this investigation a new phenoxazone alkaloid, pycnoporin (8) was isolated. We also report, for the first time, a strategy that enabled the successful isolation, purification and complete structural determination of compounds 1-3 to be achieved.
Isolation and purification strategies for phenoxazone alkaloids:
The Heidelberg collection of P. cinnabarinus (sample code 2006-24) was subjected to Soxhlet extraction with 100% acetone to give a blood-red colored extract. It was established that to avoid re-solubilization difficulties, concentration of the crude pigment extract under reduced pressure should be minimized. The extract was subsequently reduced to approximately half its volume via slow evaporation, sealed and stored in the freezer at -25°C for approximately 12 months while small scale attempts to determine an appropriate fractionation procedure for the compounds were undertaken. The extract was filtered repeatedly through 0.45 µ PTFE membrane filters and subsequently purified by reversed phase HPLC to yield cinnabarin (1), tramesanguin (2) and pycnoporin (8) . In addition, it was necessary to employ an elevated and constant NMR temperature of 40°C to record all subsequent NMR experiments in order to maintain maximum solubility of the phenoxazone alkaloids in DMSO-d 6 .
Cinnabarin (1) [3, 6, 12, 13] . The IR spectrum supported the presence of hydroxy and amine moieties (3386 and 3270 cm -1 ), carbonyl groups (1676 and 1655 cm -1 ), and an unsaturated cyclic system (1598 and 1596 cm -1 ), again similar to that previously reported for 1 [9] . 13 C NMR spectrum of 1 indicated the presence of signals due to a carbonyl at δ 177.9 (C-3) and a carboxylic moiety at δ 169.0 (C-11), together with an oxygen substituted methylene at δ 58.9 (C-12). The COSY NMR spectrum of 1 confirmed that the aromatic methines were adjacent to each other [δ 7.47 (H-6), 7.54 (H-7) and 7.52 (H-8)]. The HMBC spectrum showed key correlations from the methylene at H-12 (δ 4.87) to C-8 (δ 123.8), C-9 (δ 138.1) and to the quaternary carbon adjacent to the nitrogen at C-9a (δ 126.9). In addition, the isolated methine at δ 6.59 (H-4) showed a three-bond HMBC correlation to C-10a (δ 151.0) and a two-bond correlation to C-4a (δ 146.2), confirming the presence of the oxazine ring system. Carbon shifts were compared with model compounds previously reported in the literature [14] [15] [16] . This is the first unequivocal structural assignment of cinnabarin (1) employing 2D NMR spectroscopy. . Furthermore, HMBC correlations from the methoxy group at H-13 (δ 3.33) positioned the oxygenated methine at C-12 (δ 100.9) ( Figure 1 ). Attempts to secure the relative or absolute configuration of pycnoporin (8) could not be attempted since the compound was observed to degrade shortly after HPLC purification. Figure 1 : Key HMBC NMR correlations for pycnoporin (8) .
A second extraction of the same fungus, sample code 2002-03 was carried out with 100% EtOH. The crude extract was then solvent partitioned between EtOAc and H 2 O. The EtOAc soluble fraction was subjected to flash silica gel chromatography (20% stepwise elution from n-hexane to DCM to EtOAc and finally to MeOH) and the 80:20 DCM/EtOAc fraction was identified as ergosterol peroxide (11) (> 95% purity, based on 1 H NMR spectroscopy) (10.3 mg, 0.03%). Ergosterol peroxide (11) was isolated as a pale yellow oil and its spectroscopic data were found to be identical to those previously reported in the literature [17] [18] [19] .
HPLC profiling of P. cinnabarinus specimens collected from geographically distinct Australian locations:
In 1963 Gripenberg reported that phenoxazone producing fungi collected from three worldwide, geographically distinct localities produced varying quantities of the naturally occurring phenoxazone pigments 1-3 [4] . This variation in phenoxazone composition prompted this current investigation of Australian P. cinnabarinus variants and their localities to determine whether location and/or seasonal variation would result in the production of different or similar phenoxazone pigments.
Analysis of the analytical HPLC chromatograms of the five samples identified the presence of compounds 1 (t R = ~12.5 min) and 2 (t R = ~13.3 min) as the main constituents in all extracts (λ max = ~435 nm). Cinnabarinic acid (3) (t R = ~12.1 min) was found to almost co-elute with cinnabarin (1). Table 2 summarizes the percentages of 1-3 and 8 highlighting the similarities and differences in pigment composition of the five samples. It was immediately evident that Australian variants of P. cinnabarinus produce the new phenoxazone alkaloid 8 in addition to compounds 1-3, which have already been described from northern hemisphere species. Both cinnabarinic acid (3) and pycnoporin (8) are present as minor constituents in all five specimens of fungi. *Total amount of extract obtained from a 2 g sample of the fungus **Amount of extract (µg), in a 50 uL injection Composition % calculated based on integration of the peak area (λ max = 435 nm) for compounds 1-3 and 8 While it may be suspected that pycnoporin (8) could be an artifact that results from the storage and/or isolation procedure, there is sufficient evidence to suggest it being a natural product. The presence of pycnoporin (8) could always be detected by analytical HPLC in fresh extracts of the fungus (conducted in DCM, MeOH or acetone). Semipreparative HPLC isolation of compounds 1, 2 and 8 (from the Heidelberg specimen, code 2006-24) suggested that the ratio of 8 present in relation to compounds 1 and 2 appeared to have increased as a result of the fungus extract being left to stand over a period of 12 months. Despite this, 8 was still isolated as the minor constituent in the fungus, which is consistent with the initial chemical profiling conducted on all crude extracts of the fungi (see Table 2 ). It is suggested that 8 represents a new phenoxazone alkaloid pigment found in Australian variants of P. cinnabarinus.
Biological activity details:
The antibacterial activity of cinnabarin (1) was reported as early as 1945 when Bose indicated that yellow or orange culture fluids possessed strong antibiotic activity against Gramnegative organisms from P. sanguineus [5, 20] . In 1995 it was concluded that the phenoxazone nucleus appeared to be part of a mechanism to protect mammalian tissue from oxidative damage [13] .
Furthermore, an investigation by Smânia and coworkers resulted in optimal cinnabarin (1) production (in culture) and its testing against several bacteria [21] . Cinnabarin (1) has also been found to be active against Bacillus cereus and Leuconostoc plantarum, (inhibition of 0.0625 mg/mL) [22] . It was proposed by these workers that 1 is an antibiotic substance, which was consistent with previous findings [22] . Ergosterol peroxide (11) , which has also been isolated from P. sanguineus, is known for its leishmanicidal activity against amastigotes of Leishmania (Viannia) panamensis [18] .
Biological evaluation of crude extracts and compounds:
It was observed that all tested extracts displayed moderate activities against murine leukemia cells ( 
Cinnabarin (1) displayed the greatest antitumor activity (IC 50 of 13 µM at 1 mg/mL) followed by pycnoporin (8) (IC 50 of 36 µM at 1 mg/mL), while compounds 2 and 3 displayed much less activity (IC 50 of > 44 µM at 1 mg/mL).
Ergosterol peroxide (11), isolated from sample code 2002-03, displayed almost comparable antitumor activity to 1 (IC 50 of > 20 µM at 1 mg/mL) and slight antiviral activity and cytotoxicity against the Herpes simplex and Polio viruses. This study is the first to report the antitumor activity of 1. Cinnabarin (1) along with ergosterol peroxide (11) are suggested to be the bioactive constituents responsible for the antitumor activity observed in the crude extracts of P. cinnabarinus.
Antioxidant activity: Sample 2002-03 was solvent partitioned between EtOAc and water and a separate sample of the same fungus also sequentially solvent partitioned (triturated) between DCM, MeOH and water, respectively. Stock solutions of all five extracts (1 and 10 mg/mL) were prepared and individually reacted with 2,2-diphenyl-1picrylhydrazyl (DPPH radical). In this assay, antioxidative constituents present in the extracts would react with the stable radical. The EtOAc extract, which was found to be the most active at 1 mg/mL, was re-tested at 10 mg/mL (Table 4 ) and found to display DPPH radical scavenging activity of ~36 %. In addition, antioxidant activity was found to be present in both the DCM and MeOH extracts. No activity was detected for the corresponding water extract.
As a result of these biological activities, further investigation and fractionation was carried out on this fungus, resulting in the isolation of 3 and 11. The isolated compounds could not be re-evaluated for any potential antioxidant activity, as access to these assays was no longer available at the time of their isolation.
Anti-inflammatory activity:
The same extracts obtained from 2002-03 (as described above for the antioxidant assay) were tested for anti-inflammatory activity against the 5-lipoxygenase enzyme, which is responsible for the production of the LTB 4 and 5-HETE products. These products are responsible for the pathways leading to pain. The partitioned extracts were tested at 10 mg/mL and results are shown in Table 5 . The EtOAc extract displayed the greatest inhibition of LTB 4 and isomers. The DCM and MeOH extracts inhibited LTB 4 and isomers, with the DCM extract being the most active. The results also indicated that inhibition of the 5-HETE pathway was primarily caused by the EtOAc (88% inhibition) and the DCM (60% inhibition) extracts. Once again, the DCM extract was active, with slight inhibition observed in the MeOH extract. No further assaying of subsequent fractions was conducted using these biological assays as access to the assays was no longer available.
Experimental
General experimental procedures: For further information on general experimental procedures see reference [23] . IR spectra were recorded as a KBr disk on a Perkin-Elmer, Spectrum One FTIR Spectrometer. 1 (3) and pycnoporin (8) were determined based on peak area (λ max = 435 nm).
Biological evaluation and assays:
For further information on the antimicrobial, antiviral and antitumor assays see reference [23] . MeOH/DCM (3:1) extracts of the fungi (2 g) were tested at 50 mg/mL and evaluated in a number of biological assays, including one against a P388 murine leukemia cell line (antitumor assay), against the DNA Herpes simplex virus 1 and the RNA Polio virus 1 (antiviral assays), as well as against a number of bacteria and fungi (antimicrobial assays) at the University of Canterbury, Christchurch, New Zealand. Since the completion of these studies, the University of Canterbury has phased out both the antimicrobial and antiviral assays, which meant that some of the crude extracts and compounds 1-3 and 8 were unable to be re-evaluated in these assays.
Antioxidant assay:
The specimen of P. cinnabarinus collected in Mentone, Victoria (2002-03) was subjected to two extraction methods. First, the fungus was partitioned between EtOAc and water. Secondly, the fungus was solvent partitioned by trituration with DCM, MeOH and H 2 O, respectively, for which 1 mg/mL and 10 mg/mL stock solutions were then prepared. DPPH free radical scavenging activity was determined by the method previously reported [24] .
Anti-inflammatory assay:
The same stock solutions were assessed as those used for the antioxidant testing. The anti-inflammatory property of each extract was assessed by monitoring the production of proinflammatory leukotrienes by stimulated porcine neutrophils, as previously described for human neutrophils [25] .
Cinnabarin ( 
